In order to study the molecular architecture of TFIIH,
XPD complex and to form a functional assembly.
as described (Gerard et al., 1991) . Equal amounts of purified CAK/ XPD and rIIH5 were mixed for the assay.
Electron Microscopy of TFIIH
When processed for electron microscopy, the highly purified and transcriptionally active human TFIIH apcore TFIIH containing five subunits (rIIH5) (Gerard et al.,
1991; Tirode et al., 1999) (see Experimental Procedures).
peared as a homogeneous dispersion of slightly elongated particles similar in size ( Figure 2A ). In order to TFIIH from HeLa cells was obtained as described previously, except for the two last purification steps where improve the statistical significance of these molecular views and to investigate the 3D organization of the partia Phenyl-5PW and an HAP were set up to obtain highly purified and concentrated fractions ( Figure 1A, lane 1) .
cle, 1953 pairs of 60Њ-tilted and untilted molecular images were recorded and numerically analyzed. The imThe rIIH5 was purified from Sf9 cells coinfected with baculoviruses expressing XPB, p62, p52, p44, and p34.
ages of the untilted TFIIH complexes were iteratively aligned and multivariate statistical methods were used An immunoprecipitation procedure using antibodies raised against the p44 subunit, performed as described to generate classes of similar images, each class containing images of particles viewed from the same direcearlier (Coin et al., 1999), was followed by a gel filtration step and resulted in a highly purified rIIH5 containing tion. A noise-free view of the particle was then obtained upon calculating an average image of the class. The the five expected subunits ( Figure 1A , lane 2). When added to an in vitro transcription assay containing RNA data set was clustered into 6 classes ( Figure 2B ) and class averages 2, 4, and 5, which correspond to about polymerase II, all the basal transcription factors except TFIIH and the adenovirus major late promoter as a tem-66% of particles being found similar in size and shape, suggesting that the complexes were similarly oriented plate, we observed the production of a 309 nt long runoff transcript ( Figure 1B, lane 1) , thus demonstrating on the electron microscopy support. When viewed through this direction, the TFIIH complexes were 17 ϫ that the purified TFIIH is active. The purified rIIH5 which lacks the four subunits of the CAK/XPD complex is al-14 nm in size and showed a central depression where stain could accumulate. Four to five protein densities most inactive (data not shown). However, a weak but significant transcriptional activity can be restored upon were organized around this central cavity. Class average 1 was more elongated, (20 ϫ 8 nm) and similarly to class addition of the purified CAK/XPD complex ( Figure 1B , 3 (16 ϫ 12 nm) did not show the central cavity. These views could correspond to different orientations of the TFIIH complex. Finally class 6, which represents about 6% of the data set, was comparable to the most prominent views 2, 4, and 5 but showed a pronounced opening in the ring of protein densities around the central cavity (arrowhead in Figure 2B ).
For each class of particles, a 3D model was reconstructed from the corresponding tilted images. The reconstructions were refined for translational misalignments and slight variations in projection direction before being aligned one with respect to the others. Five out of the six aligned molecular envelopes (calculated from classes 1 to 5) were similar and an average 3D model, representative of 94% of the data set, was computed. The reconstruction arising from class 6 was significantly different and was therefore not included in the average. The reconstruction was further refined by aligning the original tilted and untilted molecular views against projections produced from the average model and by using sinogram correlation functions for the angular assignment of the resulting class averages. Two additional alignment/reconstruction cycles were performed after which the resulting 3D model was stable and the orientation plot shows that all possible orientations of the complex could be found in the complete data set ( Figure  3A) . The resolution test performed on two independent data sets gave a value of 3.8 nm based on a 0.5 cut-off for the Fourier shell correlation coefficient ( Figure 3B ).
The TFIIH complex appeared as a slightly elongated and flat particle 16 ϫ 12.5 ϫ 7.5 nm in size ( Figure 3C ). The most prominent feature of the particle is a ring-like density organized around a 2.6 to 3.4 nm wide hole whose size is suitable to accommodate a double- tron microscopy observation of the rIIH5 preparation showed that the complexes can appear either as a compact round structure about 12 nm in diameter or as thin recombinant core TFIIH complexes with an N-terminal rod-shaped particles 19 nm long and 6 nm wide (Figure histidine-tagged XPB subunit were expressed and puri-4A). Image analysis of 1562 particles illustrates this polyfied using a metal affinity column in addition to the stanmorphism and reveals a continuum of structures ranging dard immunoprecipitation procedure against the p44 from an almost straight filament (27% of the particles), subunit. The histidine-tagged and the rH5 complexes slightly curved filaments (39% of the particles) toward display a similar subunit stoichiometry, as judged by a compact structure which shows a central hole (34% the intensity of the SDS-PAGE bands, and show the of the particles) ( Figure 4B ). It is unlikely that these differsame structural variability in electron microscopy. Altoences in shape are due to various orientations of the gether these data indicate that the polymorphism obsame object since the various views do not share comserved by electron microscopy does not originate from mon line projections. Alternatively such a polymorphism different subcomplexes but favor the hypothesis that could arise from a variable subunit composition. This the various class averages represent a conformational hypothesis is however unlikely for several reasons: (1) sampling where the compact particles may unravel to rIIH5 migrates as a sharp peak in a sizing column; (2) form the rod-shaped particles as well as multiple interthe relative intensity of the SDS-PAGE bands are similar mediates. No data is presently available concerning a for rIIH5 and TFIIH ( Figure 1A) . (3 The position of the second ATP-dependent DNA helicase XPB was probed with a subunit-specific antibody directed against the C terminus of the molecule (Schaefcan be discerned (lower right panel in Figure 4B ). Strikfer et al., 1993). The analysis of 1066 IC images showed ingly, the ring-like structure observed for rIIH5 molecules an unambiguous localization of the antibody binding site is similar in size and shape to a part of the endogenous within the ring substructure in a region opposite to XPD TFIIH. In order to assess this structural homology, conirelative to the bulge ( Figures 5E and 5F ). The C terminus cal tilt series were recorded to determine a 3D model of the two helicases are placed at almost 10 nm from of the compact particles showing a ring-like structure. each other. The 3D model occupies a volume of 266 nm 3 which Finally the endogenous TFIIH preparation was incucorresponds to 80% of the expected mass of the rIIH5 bated with Ab-p44, a monoclonal antibody directed complex ( Figure 4C ). The ring-like structure is formed by against the N-terminal end of the p44 subunit of the the 12 nm wide circular arrangement of protein densities core TFIIH (Humbert et al., 1994). The analysis of 1073 around a 3.5 nm large hole. When superimposed to the IC images revealed a single labeled view suggesting that model of the endogenous TFIIH, the bulge of the protein the antibody-TFIIH complex is preferentially oriented. density is clearly missing from the rIIH5 particle (Figure Several positions of the protruding antibody were evi-4D). However, due to the limited resolution of the rIIH5 denced around the bulge ( Figures 5G and 5H) , which model, an accurate rotational docking cannot be perprobably reflect variations during the adsorption of the formed and it cannot be excluded that additional density complex on the electron microscopy support. These is present in the TFIIH ring substructure. results indicate that the p44 subunit, which is part of the core complex and thus of the ring structure, is in close proximity to the bulge region between the XPD Immunolocalization of TFIIH Subunits and XPB helicases. The comparison of the above described structures suggested that the protruding mass observed in the endoDiscussion geneous TFIIH complex could contain the subunits of the CAK/XPD complex ( Figure 4D ). To investigate this hypothesis, Ab-cdk7, a monoclonal antibody raised The 3D model of the human transcription/repair factor TFIIH determined from negatively stained, isolated partiagainst the C-terminal part of the cdk7 kinase subunit of the CAK complex (Ossipow et al., 1995; Rossignol cles describes the outer shell of the molecule at 3.8 nm resolution. The structure reveals that the factor is about et al., 1997), was used for immunolabeling. When the endogenous TFIIH complex was incubated with a 5-fold 16 ϫ 12.5 ϫ 7.5 nm in size and is organized in a ringlike assembly from which a protein domain is protruding molar excess of Ab-cdk7, labeled TFIIH molecules were clearly observed by electron microscopy. To determine out. XPB, p62, p52, p44, and p34 , and the CAK component, which includes cdk7, cyclin H, and MAT1. The XPD subunit was shown to be associated either with the core-TFIIH or with CAK. In yeast the core-TFIIH contains the human counterparts Tfb1 (p62), Tfb2 (p52), and Ssl1 (p44), but also Rad3 (XPD) and Tfb3 (MAT1), which are found, respectively, loosely associated and absent in the human core factor. In contrast to the human factor, the yeast Ssl2 (XPB) helicase was shown to be readily dissociated from the other core subunits (Feaver et al., 1993) . In yeast, the kinase complex called TFIIK thus contains only Kin28 (cdk7) and Ccl1 (cyclin H) (Svejstrup et al., 1996b; Faye et al., 1997). These discrepancies in subunit composition between the yeast and human TFIIH subcomplexes probably reflect subtle differences in the stability of subunit interactions.
The quaternary organization of the TFIIH subunits can be partially inferred from our immunolabeling experiments combined with subunit-subunit interaction studies. The XPD helicase was found to interact with MAT1 (Busso et al., 2000) , which is found associated with the cdk7/cyclin H complex. The XPD subunit is therefore likely to constitute the interface between the CAK and the core TFIIH complex and thus may be located at the basis of the bulge of protein density. This conclusion is supported by mutations found at the C-terminal end of XPD that prevent the anchoring of the CAK/XPD complex on the core TFIIH (Coin et al., 1998). Our immunolabeling experiments show that the XPD helicase is placed on the ring-like assembly at close proximity to, but clearly distinct from, the bulge structure (Figure 6 ). The analysis of the rIIH5 complex shows that the five body binding site is almost superimposed to the bulge region and close to the Ab-XPD epitope placed at the recombinant complex which contains the five subunits C terminus of the helicase. This proximity is supported of the core TFIIH shows that both structures share a by the reported interaction between p44 and the XPD ring-like structure with a 2.5-3.5 nm wide central hole helicase (Coin et al., 1998) and by the observation that but differ mainly by the absence of the bulge of protein mutations in the N-terminal moiety of p44 prevent the density in the recombinant complex. The cdk7 kinase anchoring of the CAK/XPD complex on the core TFIIH was shown to be located in this protruding protein den- (Seroz et al., 2000) . The XPD-p44 interaction is functionally important since most xeroderma pigmentosum sity by immunolabeling, thus suggesting that the three p62 subunits may be located at the basis of the ring, opposite to the bulge to account for the additional density present in that region. In this regard the yeast Tfb2 (p52) was shown to interact with Ssl2 (XBP), which is consistent with our model (Feaver et al., 2000) . The higher resolution model derived from the 2D electron crystallographic analysis of the yeast core TFIIH (Chang and Kornberg, 2000 [this issue of Cell]) is not directly comparable to our model but can be reconciled with our data assuming rigid body movements of the protein domains and taking into account the fact that the XPB helicase, possibly in addition to p34, could help to close the circle. Strikingly conformational changes were detected upon analysis of the recombinant human core TFIIH. Higher resolution models of human core and holo TFIIH preserved in physiological conditions are now required to refine the position of the protein densities in order to characterize accurately these putative conformational variations.
The most prominent structural feature shared by TFIIH and rIIH5 is a ring-like structure with a 2.5-3.0 nm wide central hole. A strikingly similar quaternary organization XPD (residues 720-751), XPB (residues 719-760), and p44 (residues 1-17) were produced by injecting the corresponding peptide. Abglycerol, 250 mM ammonium acetate to remove the excess of eluting epitope. RIIH5 eluted from the gel filtration column as a discrete cdk7 was purified on a DE52 ion exchange column (Whatman) after ammonium sulfate precipitation (50% saturation) and dialyzed entity and no evidence for additional subcomplexes was found. The relative polypeptide content of rIIH5 was similar to that found in the against 10 mM Tris (pH 7.4), 50 mM NaCl. The Ab-XPD, Ab-XPB, and Ab-p44 ascites were incubated with protein-A Sepharose endogenous complex. In particular no excess of p44, which was the immunotargeted protein, could be detected. Composition and beads. After extensive washing in 3 M NaCl, 50 mM sodium borate (pH 8.0), the proteins were eluted with 50 mM sodium citrate (pH purity of rIIH5 were assessed by SDS-PAGE analysis followed by silver staining, Coomassie blue staining or immunoblots. Transcrip-5.2) and dialyzed against 10 mM Tris (pH 7.4), 50 mM NaCl. A similar degree of purity was achieved by both methods as evidenced by tion assays were performed on TFIIH and rIIH5 with the addition or not of CAK-XPD complex as previously described (Gerard exclusion domain at the periphery of the TFIIH molecule. In order to 1996). In the case of TFIIH, a total of 1953 pairs of 60Њ-tilted and characterize the stain variations around the particles a ring-shaped untilted molecular images, 128 ϫ 128 pixels in size, were extracted mask, surrounding the outer shape of the particle, was generated from the original micrographs by interactive selection based on and the density variations were analyzed within this mask using a size and nonconnectivity criteria. The images of the untilted TFIIH multivariate statistical approach. These images were then particomplexes were iteratively aligned and analyzed by multivariate tioned according to this peripheral density variation. A prominent statistical methods (van Heel and Frank, 1981). Factorial corresponclass appeared where no additional protein density could be dedence analysis was used to represent the images in a 20 dimensional tected in the class average. These particles were probably not lafactor space and hierarchic ascendant classification schemes were beled or alternatively labeled at nonspecific sites so that the occurused to cluster the images into classes of images with maximal rence of an antibody molecule was not high enough to produce a resemblance. For each class that corresponds to a subset of partistain exclusion signal. In the other class averages an additional cles ideally viewed through a restricted angular sector, an average protein density, whose size could correspond to an Fab moiety, was image was calculated. The data set was clustered into 20 classes apparent. A density difference map was calculated between the that could be visually grouped into six families containing more than unlabeled and the labeled class averages. Internal consistency of 80% of the data set on the basis of the structural similarity of their the results was obtained by comparing the labeled site for two class average. different orientations of the TFIIH molecule. For each family the corresponding tilted images, which constitute
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